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SUMMARY

This paper details the analytical and experimental work

required to predict delamination onset and growth in a curved

cross-plied composite laminate subjected to static and fatigue

loads. The composite used was AS4/3501-6, graphite/epoxy.

Analytically, a closed form stress analysis and 2-D and 3-D finite

element analyses were conducted to determine the stress

distribution in an undamaged curved laminate. The finite element

analysis was also used to determine values of strain energy release

rate at a delamination emanating from a matrix crack in a 90 ° ply.

Experimentally, transverse tensile strength and fatigue life were

determined from flat 90 ° coupons. The interlaminar tensile

strength and fatigue life were determined from unidirectional

curved laminates. Also, mode I fatigue and fracture toughness data

were determined from double cantilever beam specimens. Cross-plied

curved laminates were tested statically and in fatigue to give a

comparison to the analytical predictions. A comparison of the

fracture mechanics life prediction technique and the strength based

prediction technique is given.
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NOMENCLATURE

initial delamination length

delamination length

constants in curve fit expression

elastic modulus in the fiber direction

elastic modulus transverse to fiber direction

elastic modulus through thickness

frequency

total strain energy release rate

critical value of strain energy release rate

mode I static interlaminar fracture toughness
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maximum mode I cyclic strain energy release

rate

moment arm length

constant in DCB compliance expression

exponent in DCB compliance expression
load

maximum cyclic load

minimum cyclic load
radius

inner radius

thickness

width

width wise coordinate

delamination angle counter clockwise

delamination angle clockwise

maximum cyclic displacement

minimum cyclic displacement

angle around curved portion of laminate

radial stress

tangential stress

transverse staticstrength

transverse cyclic stress

interlaminar static strength

interlaminar cyclic stress

interlaminar shear stress

Poisson's ratio

INTRODUCTION

Many laminated composite structures, such as an angle bracket

or a co-cured web or a frame have a loaded curved portion [i], fig.

i. The final failure in such structures may be a complex

progression of ply cracking, delamination and fiber failure.

Delamination may initiate from radial stresses caused by the

bending. Also, any tangential stresses present may cause matrix

cracks to develop in an off-axis ply. If a crack occurs, singular

interlaminar stresses will be created where the matrix crack meets

the adjacent plies. These interlaminar stresses may create local

delaminations, shown schematically in fig. i. The difference in
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material properties between adjacent plies of different orientation

may also cause mathematically singular stresses at the free edges

which may initiate edge delaminations. These edge delaminations

may interact with the previously mentioned failure modes and

complicate delamination onset predictions using classical strength

based failure criteria. Therefore, the need to understand the

stress distribution and damage mechanisms in a curved laminate is

important in aiding the structural designer to predict the strength

of such a component.

To extend strength prediction techniques to account for

singular stresses from matrix cracks, delaminations, material

defects, edges or any other discontinuity, a fracture mechanics

prediction capability is necessary. Interlaminar fracture

mechanics based failure criteria offer a technique to predict the

onset and growth of delamination in a component with a singular

stress source [2-8]. For an interlaminar fracture mechanics based

failure criterion, a value of strain energy release rate, G, must

be determined at every potential delamination source. This value

of G may be termed the critical value, Gc, and will cause

delamination onset and growth when it equals the interlaminar

fracture toughness of the composite. The techniques to determine

the critical value of G may depend on the source of the potential

delamination.

Figure 2 gives some examples of how Gc was determined for

different structures. For edge delamination in a flat
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multidirectional laminate, G increased from zero to a plateau

within a few ply thicknesses from the edge, fig. 2a [2]. The value

of G at the plateau was used to predict delamination onset at the

edge. In a tapered laminate, the peak value of G was used to

predict delamination onset, fig. 2b [3]. For delamination growth

from a matrix crack in a curved laminate [6], the point of

inflection in the G versus delamination length curve was postulated

to give the critical value of G required to predict static

delamination onset, fig. 2c. The effect of the free edge on the

growth of local delaminations initiating from a matrix crack in a

flat laminate subjected to tensile loads was investigated in ref.

7. For a straight delamination front perpendicular to the edge,

the value of G increased to a plateau value as the delamination

grew from the matrix crack. This plateau was assumed to give the

critical value of G similar to the edge delamination case, fig. 2a.

A curved laminate was analyzed with a delamination emanating from

a matrix crack in ref. 8. The G versus delamination length curve

was extrapolated to zero delamination length to determine a

critical value of G, fig. 2d.

The purpose of this paper is to predict damage in a curved

laminate subjected to static and fatigue loads using a strength and

a fracture mechanics based failure criterion. The stress

distribution in an undamaged cross-plied" curved laminate was

determined using a closed form solution and a 2-D and 3-D finite

element analyses (FEA). The G distribution for a delamination



initiating from a matrix crack in a set of 90° plies was determined

from the 2-D and 3-D finite element analyses. Static and fatigue

tests were conducted using flat 90° laminates to determine the

transverse strength, o2c, and the fatigue life. Unidirectional

curved laminates were used to determine interlaminar tensile

strength, a3c and the fatigue life. The mode I interlaminar

fatigue and fracture toughnesses of the composite material were

determined using a unidirectional double cantilever beam (DCB)

specimen. Attempts to predict interlaminar tension delamination of

the cross-plied curved laminate were made by comparing the maximum

radial stress to the interlaminar tensile strength and life data

for the composite. Attempts to predict matrix cracking were made

by comparing the maximum radial and tangential stress in a 90 ° ply

to the transverse and interlaminar strength and life data.

Finally, attempts to predict delamination onset from a matrix crack

were made by comparing the appropriate values of G to the fatigue

and fracture toughness data. Static and fatigue tests were also

conducted on a cross-plied curved laminate to determine the damage

modes and static and fatigue strength to compare with the

predictions.

In addition to the curved laminate being used as a structural

component, it has been considered as a possible test specimen to

determine the interlaminar tensile strength, a3c , for composite

materials [9]. Therefore, it is a secondary objective of this

paper to determine whether or not the multidirectional curved
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laminate is suitable for a3c determination considering the

additional damage modes that may be present and the difficulty in

determining stresses at singularities.

EXPERIMENTAL PROCEDURE AND RESULTS

This section describes the materials, the experimental

procedure and experimental results. All specimens were fabricated

from Hercules AS4/3501-6 graphite/epoxy. The specimens were cured

in an autoclave according to the manufacturer's recommendations.

Material elastic moduli were obtained from ref. 4 and were

E11 = 140 GPa E22 = E33 =11.0 GPa

G12 = G13 = 5.84 GPa u1z= D13=0. 3

The volume fractions for each specimen type are given in their

corresponding subsections below. Prior to testing, all specimens

were dried using the following cycle: 1 hour at 95°C, 1 hour at

110°C, 16 hours at 125°C and 1 hour at 150°C. Following the drying

cycle, the specimens were stored in a desiccator cabinet until

tested.

Transverse Tension Strength Tests

Flat 90 °, unidirectional, 24-ply specimens were fabricated for

the transverse tension tests. The specimen dimensions were

150 X 33mm with the fibers oriented in the 33mm width direction.

The specimens had a volume fraction of 65.0 percent. The specimens

were subjected to static tests and to load controlled fatigue tests

at an R-ratio (P,i_Pmx) of R=0.1 and at a frequency of 5Hz. The

tests were conducted until failure occurred. In most of these
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tests no loading tabs were used, and most specimens failed at or

near the grips. In a few specimens glass epoxy loading tabs were

used. However the failures were still at or near the grips, so the

use of tabs was discontinued. The static failure load or the

number of cycles to failure was recorded and the results are shown

in fig. 3. The straight lines were drawn through the data to

represent the lower and upper bound curves between 10 2 and 10 6

cycles. The use of these fits will be described later. The arrows

on the fatigue data points in fig. 3 and subsequent figures

indicate that the specimen did not fail.

Interlaminar Tension Strength Tests

Unidirectional, 0° curved laminate specimens were fabricated

for interlaminar tensile strength determination. The specimens had

24 plies and their configuration and dimensions are given in

fig. 4. The pre-preg was laid over a solid aluminum block and the

panels cured in an autoclave. The specimens had an average volume

fraction in the curved region of 54.7 percent. The static

strengths of these specimens were taken from ref. 4. Fatigue tests

were conducted using the test fixture shown in fig. 5. The fatigue

tests were conducted under load control at an R-ratio of 0.1 and a

frequency of 5Hz. The number of cycles to the onset of

delamination was noted. The onset of delamination also

corresponded to a rapid loss of bending stiffness of the curved

portion. At the loss of bending stiffness the machine hydraulics

and the cyclic counter switched off. From ref. 4 the maximum
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normalized radial stress was determined to be (a r w/P) = 4.37 mm "I,

occurring near the mid-thickness of the curved region. The

tangential and in-plane shear stresses were negligible at this

location. This value of radial stress was used with the applied

loads to determine a_x (or 03¢ ) using eq. I.

The fatigue results from this work and the static results from ref.

4 are shown in fig. 6. The straight lines were drawn through the

data to represent the lower and upper bound curves between 102 and

106 cycles. The use of these fits will be described later.

Double Cantilever Beam Tests

Double cantilever beam (DCB) specimens were fabricated to

determine the mode I fatigue and static fracture toughness of the

composite. The specimens were 24-ply, 0° unidirectional laminates.

A 13_m non-adhesive Kapton film was placed at the mid-plane at one

end prior to curing to simulate a delamination. The specimen

dimensions were 100 X 25mm. The specimens had a volume fraction of

55.9 percent. Piano hinges were bonded to the surface to allow

load to be transferred to the beam. The static tests were

conducted under displacement control at a loading rate of

0.5mm/min. Fracture toughness, Gic , was determined for a

delamination initiating from the end of the thin insert [I0]. The

fatigue tests were conducted under displacement control at an
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R-ratio (6mi_6mx) of R=0.1, at a frequency of 5Hz at various

maximum cyclic displacements [i0,ii]. The number of cycles to

delamination onset was determined by monitoring the maximum cyclic

load, Pmx" If a 1 percent decrease in Pmx was observed then the

delamination was assumed to have grown. Delamination onset was

also monitored by visual inspection of the tip of the insert.

Figure 7 shows the fracture toughness and the maximum cyclic strain

energy release rate, Gi_x, versus the number of cycles to

delamination onset, where Gim x was calculated from

n P_8_x (2)
GI_x = 2 w a o

where n is the exponent in the static compliance expression

6/P= man (an average value of n= 2.58 from three specimens was used

in equation 2), and a 0 is the initial delamination length. The

visual and 1 percent load drop methods of determining the number of

cycles to delamination onset gave inconsistent results. The visual

detection method gave lives greater, less than and similar to the

1 percent load drop method. In some specimens a 1 percent load

drop was not detected after visual delamination growth had been

observed. Hence, the visual data was used in the predictions

presented later.

Cross-Piled Curved Laminate Tests

Static and fatigue tests were conducted on cross-plied curved

laminates. The cross-plied specimens were laid up to the



dimensions given in fig. 4 using the same procedure described for

the unidirectional curved laminates above. The lay-up used was

[04/90_05] , and will be referred to as lay-up A. This particular

lay-up was chosen because it was anticipated that a matrix crack

would occur in the tension loaded 90 ° plies and that delamination

would grow from the matrix crack. The lay-up was not intended to

represent a viable lay-up for a structural component. The

specimens had a volume fraction of 59.5 percent in the curved

region. During the static and fatigue tests the first audible sign

of damage corresponded to complete loss of bending stiffness of the

curved portion of the specimen.

The results of the static and fatigue tests on lay-up A are

shown in fig. 8. The fatigue results are plotted as the maximum

applied load per unit width versus number of cycles to onset of

damage. The static results of ref. 6 are also shown in fig. 8.

The lay-up used in that work was [04/903/0/902/02] s and is referred

to as lay-up B. The failure paths for lay-ups A and B are shown in

figs. 9 and i0 respectively. In fig. 9, an oblique matrix crack

can be seen in the tension loaded [90]3 plies with delaminations

emanating from this crack. Other delaminations consistent with an

interlaminar tension failure can be seen in the 0 ° plies. In

fig. i0 a straight matrix crack can be seen in the tension loaded

[90]3 plies and also in the [90]2 plies above. This second matrix

crack, which was not analyzed in ref. 6, was another reason lay-up

A was chosen for this work, i.e. to eliminate the complications of
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two matrix cracks in the analysis.

ANALYSIS

This section details the analysis conducted on the cross-plied

curved laminates to determine the stress distribution with no

damage present and the strain energy release rate distribution with

matrix ply cracking and delamination present. The stress analysis

consists of a closed form multilayer theory. These results are

compared with a 2-D and a 3-D finite element analysis. The finite

element analysis was also used to determine the G distribution. In

the finite element models and the closed form solution, residual

thermal and moisture stresses were not considered.

2-D Closed Form Solution

Classical anisotropic elasticity theory was used to construct

a multilayered theory to calculate stresses and deformation fields

around the curved laminate using the method in ref. 12. Both an

end moment and an end force were applied to a quarter section of a

circular beam. An Airy stress function was written in cylindrical

coordinates for each layer in the beam. At every interface between

layers, both the displacements and stresses were matched to the

adjacent layer to assure continuity and equilibrium between layers.

The boundary conditions for the inner and outer surfaces were

traction free. At the end of the beam, the end force and end

moment were balanced by the shear and tangential stresses,

respectively. The total stress in the beam is a summation of the

stresses caused by the end force and the moment. Once the
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constants in the Airy stress function were known, the stresses were

determined at any location (R,8) in the beam using the expressions

in ref. 12.

Finite Element Analysis

The finite element package MSC/NASTRAN [13] was used for the

analysis. A 2-D finite element model of the complete specimen was

created and is shown in fig. 11a. This model was used to determine

the stress distribution around the radius and through the thickness

for comparison with the closed form solution, and to determine the

global variation of G with delamination length. The model used

4-noded isoparametric elements. Around the curved region there was

one element per ply thickness and one element per one degree sweep.

Larger elements were used in the legs and the arms. The final

model had approximately 8100 degrees of freedom. A matrix crack

was modeled through the group of [90]3 plies nearest to the

smallest radius (R=Smm) at an angle of 45 ° around the radius. This

crack location was consistent with the crack observed

experimentally in figs. 9 and 10. Delaminations were modeled

emanating in each of the four directions from the matrix crack in

one direction at a time, see fig. 11b. The notation for the paths

of these cracks is given in fig. 12. To simulate the matrix crack

and delamination in the model, a free surface was included by the

use of coincident nodes. The coincident nodes were restrained

together using multi-point constraints (MPCs). By releasing the

appropriate MPCs in different analysis cases, several delamination
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lengths could be modeled using one finite element mesh. Strain

energy release rate was determined using the virtual crack closure

method [14]. This model will be described as model i.

A full 3-D model of only the curved region was also created.

The model is shown in fig. llb and is referred to as model 2. The

model was rigidly supported at one end. Only half the width, w,

was modeled because of symmetry. The total width was 25mm. A

matrix crack was modeled in the same location as in model i. To

reduce the number of degrees of freedom, only the delamination

growing clockwise from the bottom of the matrix crack was modeled,

that is, along path bl, see fig. 12. The 2-D model showed that a

delamination was most likely to form along this path. Near the

matrix crack and the free edge, the elements were 1/16 of a ply

thickness square by one ply thickness wide (z-direction), where one

ply thickness equals 0.125mm. This refinement was used to capture

any G variations in the close vicinity of the matrix crack. The

model had approximately 30,000 degrees of freedom and used 6 and 8

noded, solid, modified isoparametric elements. This model was also

used to determine the effects of the free edges on the stress

distribution assuming an undamaged laminate.

ANALYTICAL RESULTS

Stress Analysis

Figure 13 shows the variation of the radial and shear stress

and fig. 14 the variation of the tangential stress with 8 in lay-up

A. The plots are in the first tension loaded 90 ° ply as indicated
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by the arrow on the figures. The stresses were determined from

model 1 and the closed form solution and 8 is defined in fig. 12.

In fig. 13 the two solutions agree reasonably well around much of

the curved portion and diverge towards 8=0° and 8=90 ° because of

the differences in boundary conditions. In fig. 14 the agreement

is poor but the trend of the variation with theta is similar.

Between 250<8<75 ° the stresses vary by only a small amount and

failure might initiate anywhere in this region.

Figure 15 shows the radial and shear stress components plotted

across the width along the first 0/90 interface determined using

model 2. Also, plotted for comparison, are the results from the

closed form solution. Figure 15 shows that the radial stress is

largest at the free edge, indicative of the singular nature of the

interlaminar radial stress at the free edge in a 0/90 interface.

No attempt was made to further refine the finite element mesh at

the edges to show more clearly the singular stresses because of the

large number of degrees of freedom of the current model. The

closed form solution compared well to the FEA solution away from

the free edge. The shear stress FEA results in fig. 15 did not

agree well with the closed form solution. However the difference

is small compared to the magnitude of the radial stress.

Figures 16, 17 and 18 show the variation of the radial,

tangential and shear stresses, respectively, through the thickness

in lay-up A as determined from model I, model 2 and the closed form

solution and are plotted at 8=45 °. The results from model 2 are
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plotted at 2z/w=0.0 (the free edge) and 2z/w=l.0 (the center line).

In fig. 16 the 2-D FEA results and the closed form solution agree

reasonably well for the radial stress. The radial stress reaches

a maximum towards the center of the laminate in the 0° plies. At

the center line the results compare well with the closed form

solution_ However, at the free edge the two solutions vary,

demonstrating the singular nature of the stresses at the free edge.

In fig. 17 the tangential stress reaches a maximum at the inside

edge, (R-Ri_r/t=O.O) where there is a 0 ° ply. For the 90 ° plies,

the tangential stress has a maximum tension value in the 90 ° ply

closest to the inner radius, (R-Ri_er/t)=0.167. The tangential

stress at this location may contribute to matrix cracking in these

plies. The results for all three solutions agree reasonably well.

In fig. 18, the shear stress results from the closed form solution

and the 2-D FEA solution agree well, and the shear stress is small.

From the 3-D solution in the center, the results are inconsistent

with the 2-D solutions. The cause for this is not known presently

but may be caused by the large aspect ratio of the elements in the

center width of the model.

Strain Energy Release Rate Analysis

In ref. 6 the variation in G with delamination length for

delamination growth from a matrix crack along each of the four

paths shown in fig. 12, was determined for lay-up B. The value of

G along path bl, Gbl, was usually higher than the other three

values (Gal, Ga2 and G_), fig. 19. Therefore, it was assumed
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delamination would initiate along path bl. In ref. 4 a technique

for predicting the delamination growth path for a delamination with

two fronts was given. The technique consisted of comparing the

values of G at each front and growing the delamination at the

location of the highest G. Following a similar method the next

highest value to Gbl was Ga2. By assuming growth along bl and

comparing values of G,2 to Gbl it was observed that Gbl was always

larger than Ga2 around most of the curved portion. Therefore,

delamination should grow along the bl path followed by delamination

along path a2 as observed in fig. i0. Figure 20 shows the

variation of Gbl with _ for lay-up B. Because Gbl is continually

increasing, delamination growth should be unstable once initiated

as observed experimentally. Also, shown in fig. 20 is the mode I

component of strain energy release rate, GI. Because of the

oscillatory nature of the stress fields between plies of different

orientation the mode I value may not converge [15]. However, with

the element size used, the delamination remained largely mode I

around much of the curved portion due to the high radial stresses

present. The above analyses were not repeated for lay-up A. A

similar result is expected since the matrix crack and delamination

paths in figs. 9 and i0 are similar.

Figure 21 shows the distribution of Gbl across the width at

several delamination lengths (angle 8) from the matrix crack for

lay-up A using model 2. Across 80 percent of the width G was

constant and reached a maximum at the free edge. The results are
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very similar for lay-up B in ref. 6. Figure 21 indicates that the

delamination front may not remain straight and perpendicular to the

edge as it grows. Delamination front curvature was not considered

in the analysis. Figure 22 shows the variation of G with _ using

model 2. As delamination grows, the rate of change of G initially

decreases and then begins to increase with a point of inflection in

between. Close to the matrix crack G is very small. Also shown in

fig. 22 are the results using model 1 (solid circular symbols). As

expected, the values of G from model 2 in the interior are similar

to those obtained from the 2-D model. A polynomial curve fit

expression to the G distribution on the free edge and the center

line is shown in fig. 23. The first part of this curve, where

dG/d_ is decreasing, may be analogous to the distributions for edge

delamination [2], fig. 2a or for delamination from dropped plies

[3], fig. 2b where the singular stress source, the edge and the

dropped ply, respectively, dominates the G distribution. However,

for the curved laminate, there is a high radial force which also

contributes to G and causes dG/d_ to increase with no peak or

plateau as observed in refs. 2 and 3. It was postulated in ref. 6

that the point of inflection may be used to determine a critical

value of G to predict delamination growth much as the plateau or

peak value in refs. 2 and 3. At the free edge in lay-up A, the

point of inflection (d2G/d_2=O) was determined to be at 8=2.13 ° (1.6

ply thicknesses from the matrix crack) yielding a critical value of

(G w2/_) = 8.08E-4 mm/N. At the center of the width the point of
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inflection was determined to be at @=i.08 ° (0.83 ply thicknesses

from the matrix crack) yielding a critical value of (G w2/_) =

4.17E-4 mm/N. These values of G may be compared to the static and

fatigue toughness of the composite to predict delamination onset

for the curved laminate.

DAMAGE ONSET PREDICTIONS

Delaminatlon from Radial Stresses

In refs. 16 and 17 delamination was predicted by comparing the

maximum radial stress to the transverse strength of the composite.

If the delamination occurs in a 0/90 interface and the analysis

used to determine the maximum radial stress ignores the effects of

the free edge, this prediction technique may be incorrect and any

correlation between experimental failure loads and predictions may

be coincidental. However, if the delamination occurs between plies

of the same orientation then this technique is valid. Figure 9

shows an interlaminar tension failure in the 0 ° plies as well as a

matrix crack with delaminations emanating from it. It is not known

which occurred first. From the closed form solution in fig. 16 the

maximum normalized radial stress in the 0 ° plies was

(a r w/P) = 4.04 mm "I at (R-Ri_r/t)_0.42. At this location the

tangential and shear stresses were negligible. By comparing this

value of radial stress to the interlaminar tensile strength results

shown in fig. 6, a prediction for lay-up A can be made using eq. 3

and is shown in fig. 24. Individual experimental data points from

fig. 6 have been used for the predictions. The predictions are
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_x _ 03_x _ 03_x

w o.oo
close to the experimental failures and are slightly conservative.

From fig. i0 no interlaminar tension delaminations occurred alone

in lay-up B and the criterion in eq. 3 is not relevant.

Transverse Ply Cracking Predlotion

A strength based failure criterion could possibly be used to

predict the onset of matrix cracking in the 90 ° plies. However,

the 3-D stress analysis showed the presence of stress singularities

at the free edge. Also, the strength of the composite in the 90 °

flat tension specimens may not be the same as the in-situ strength

of the 90 ° plies in the laminate [18]. Therefore, any predictions

must be purely qualitative and are included in this paper to show

that matrix cracking in the 90 ° plies may occur. In the 90 ° plies

there is a biaxial stress state composed of the radial and

tangential stresses. The Tsai-Hill criterion has been derived for

predicting first ply failure in composite lamina [19] as

2 2 2

U11 - O11 a22 + U2__/2+ _12 - 1 (4)

X 2 y2 S 2

where X, Y are the tensile strengths in the 1 and 2 directions and

S is the 12 shear strength. In the curved laminates the shear

ratio is negligible compared to the radial and tangential ratios

and may be neglected in eq. 4. Re-writing eq. 4 in terms of the
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normalized radial and tangential stresses and omitting the shear

stress terms, a predicted load per unit width may be determined as

(5)

From the closed form solutions in figs. 16 and 17 the maximum

were (0 r w/P) = 3.91mm "I and

Because individual data points

and a_x, straight line lower

radial and tangential stresses

(a 0 w/P) = 2.35 mm -I, respectively.

may not be used in eq. 5 for o2m x

and upper bound curves were fit to the transverse tension and

interlaminar tension fatigue data in figs. 3 and 6, respectively.

These curves were drawn for demonstration purposes only and are not

meant to characterize the material property. Using these straight

line fits in eq. 5 lower and upper bound predictions can be made

and are shown in fig. 25. The prediction curves indicate that

matrix cracking may occur prior to final failure of the curved

laminate. These prediction curves do not take into account the

singular nature of the stresses at the free edge nor the residual

thermal stresses both of which will effectively reduce the fatigue

life further. Also, as mentioned in the experimental work, some of

the 90 ° flat specimens failed in the grips and hence may under

estimate the transverse strength of the composite.

Delamlnation Onset from the Matrix Crack

If a matrix crack is assumed to already exist, the values of

G calculated at the point of inflection may be compared to the
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delamination data obtained from the DCB in fig. 7. The G

distribution in fig. 20 showed that delamination was predominantly

mode I. If the G distribution had significant mode II and III

components a mixed mode failure criterion would be necessary.

However, assuming a total G criterion and comparing it to mode I

data will yield a conservative approach [3,5,10]. A predicted

load per unit width may be determined from eq. 6.

w (6)

The results of this prediction are shown in fig. 26 using the

values of normalized G at the free edge and in the center. The

predictions at the free edge are conservative and the predictions

at the center are close to the experimental data. This prediction

does not include the number of cycles to form the matrix crack and

hence will generally be a conservative prediction. In the analysis

the matrix crack was assumed to be straight; it is not clear how an

angled crack would effect the G distribution or the mode I/mode II

mix of G. However, if a mode II component was present it would be

anticipated that the predicted number of cycles to delamination

onset would be higher because of the higher fatigue and fracture

toughness in mode II [i0]. It is probable that the matrix crack

occurred before the delamination although it was not detected prior

to final failure in the experimental work.
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DISCUSSION

If the stresses that cause delamination are not singular, then

damage onset or delamination may be predicted using a strength

criterion. This was demonstrated for interlaminar tension

delaminations initiating in the 0° plies. However, if the stresses

are singular, such as at a free edge or a discontinuity, a fracture

mechanics prediction technique represents a means for predicting

damage onset and growth. This was demonstrated for delaminations

initiating from a matrix crack. Because closed form and 2-D FEA

solutions do not account for free edge singularities, strength

predictions may be inaccurate and more importantly potentially

unconservative using these analyses techniques. Therefore, it is

important to determine where damage initiates before selecting a

particular criterion to predict it. However, 2-D analyses are

useful for initial design because damage initiation depends on lay-

up. For example, matrix cracks can be avoided if a lay-up is

chosen so that the tangential stresses in the 90 ° plies are not

highly tensile. Also, free edge delamination may be minimized if

a lay-up is chosen so that the radial stresses are low at 0/90

interfaces (or other perpendicular interfaces e.g. +45/-45).

Because of matrix cracking and interface effects at free edges

multidirectional laminates should not be used to determine

interlaminar tensile strength, u3c unless it is certain that

interlaminar tension failure occurs within a group of plies of the

same orientation. The simplest means to ensure this is in a
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unidirectional curved beam [4]. In ref. 4 a 2-D closed form

analysis of a unidirectional curved laminate determined that the

stresses were purely radial at the failure location in the

laminate.

SUMMARY

This paper details the analytical and experimental work

required to predict delamination onset in a curved composite

laminate subjected to static and fatigue loads. The composite used

was AS4/3501-6, graphite/epoxy. Analytically, a closed form stress

analysis and a 2-D and a 3-D finite element analyses were conducted

to determine the stress distribution in an undamaged curved

laminate. The finite element analyses were also used to determine

values of strain energy release rate at a delamination emanating

from a matrix crack in a 90 ° ply. Experimentally, transverse

tensile strength and fatigue life were determined from flat 90 °

coupons. The interlaminar tensile strength and fatigue life were

determined from unidirectional curved laminates. Also, mode I

fatigue and fracture toughness data were determined from double

cantilever beam specimens. The analysis and the strength and

toughness data were used to predict the static and fatigue strength

of cross-plied curved laminates. The prediction for interlaminar

tension delamination in the 0 ° plies was in reasonable agreement

with the experimental results for the curved laminate. The

interlaminar fracture mechanics approach compared the critical

value of strain energy release rate at the free edge, and in the
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center, to the fatigue and fracture toughness of the composite•

The predictions at the free edge were conservative and the

predictions at the center were in agreement with the experimental

data. This prediction does not include the number of cycles to

form the matrix crack and hence will generally be a conservative

prediction.
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